Heat flux measurements are widely used in thermal environment analyses. The Gardon gauge is an excellent heat flux sensor with a wide measurement range and long lifespan in harsh environments. However, the Gardon gauge is usually calibrated for radiation heat transfer and is not good for convective heat transfer. This paper introduces a method to measure heat flux for convective heat transfer using the Gardon gauge by relating the measurement sensitivity for convection to that for radiation. The heat flux and convective heat-transfer coefficient can then be simultaneously determined by the standard thermo-electromotive voltage output of the Gardon gauge. The method was demonstrated for convective heat-transfer coefficient ranging from 200 to 3000 W/(m 2 K). The analysis illustrates that the measurement sensitivity for convection decreases with increasing convective heat-transfer coefficient. A correction is necessary especially for higher convective heat-transfer coefficient. The corrected convective heat-transfer coefficients and heat fluxes agree well with the actual values. The relative uncertainty in heat flux is within 0.64%. The method not only greatly improves the measurement accuracy of the Gardon gauge for convection applications, but also provides a reference for evaluating convective heat transfer coefficients in convection environments.
Introduction
Heat flux measurements are important in many practical applications [1] [2] [3] [4] [5] . In micro-electric systems, increasing working efficiency and higher frequency of semiconductor devices require accurate measurement of the heat flux of heat dissipated by the devices [6] [7] [8] [9] . Heat flux during turbulent flow, supercritical fluid flow and boiling is an important parameter [10] [11] [12] [13] [14] [15] . Early study by Puits et al. [10] measured the local heat flux in highly turbulent Rayleigh-Bénard convection in air at the heating/cooling plate using commercial sensors. In fire safety system, convection is most important in the early stage of fire for activating thermal alarms and sprinklers, therefore there is a great need to experimentally investigate convection heat transfer in fire applications [16] [17] [18] [19] [20] . Vega et al. [18] used a hybrid heat flux gauge to quantify the thermal boundary condition of a surface exposed to fire.
Heat flux measurements for convective heat transfer are widely used in applications with harsh thermal environments including high enthalpy plasmas, high pressure arc heaters, high power pulsed lasers and structural thermal tests [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, heat flux distribution measurements in high pressure, high temperature and hypersonic flows are still extremely difficult. Kiddet et al. [22] developed a fast response heat flux sensor based on a modified Schmidt-Boelter gauge for heat flux measurements in hypersonic wind tunnels. Carlomagno and Cardone [29] [30] [31] used infrared thermography for convective heat transfer measurements in complex fluid flows from natural convection to hypersonic flow. IR thermography is a powerful optical tool and can be successfully exploited to determine convective heat flux distributions with both steady and transient techniques. Liu et al. [32] proposed an analytical inverse method to calculate heat flux distribution using a time sequence of temperature sensitive paint images acquired in the quiet Mach 6 Ludwieg tube, in which the temperature sensitive paint colors were measured on a 7-deg half-angle sharp circular metal cone to evaluate the measurement accuracy.
Commercial Gardon gauges are available with metal bodies, blackbody sensor foils and water cooling designs for high heat flux measurements with long lifespan in harsh environments [33] [34] [35] [36] [37] [38] . Gardon gauges were first introduced to measurement of heat flux for radiation and are usually only calibrated for radiation. The voltage output of the Gardon gauge is approximately linearly proportional to the incident heat flux when measuring thermal radiation and the standard radiation sources are the optimal choice for calibrating the heat flux gauge. However, the heat flux gauges should be calibrated in an environment close to the actual environment and heat flux gauges calibrated using radiation sources may not be appropriate for measuring heat flux for convection [39] [40] [41] [42] [43] [44] .
Although Gardon gauges have been extensively studied, they are rarely used to measure convective heat transfer due to large uncertainty. This paper presents a measurement method, using the Gardon gauge calibrated by radiation source, which can simultaneously obtain heat flux and convective heat-transfer coefficient.
Method

Measurement sensitivity
The Gardon heat flux gauge is a diffusion type of heat flux gauge with a circular constantan foil coated with a diffuse, absorbing coating attached to a copper heat sink. When the Gardon gauge is used to measure radiation flux, the thermal radiation is uniformly incident onto the gauge foil surface, and there is a temperature gradient in the radial direction so that the metal leads attached to the foil center and the edge form a thermocouple joint. The voltage output of the Gardon gauge from this thermocouple joint is linearly proportional to the incident heat flux in the steady-state heat flux conditions. The ratio of the voltage output to the measured heat flux is defined as the measurement sensitivity of the heat flux gauge [33, 38] . The measurement sensitivity obtained for radiation is approximately constant, but is unsuitable to convective heat transfer measurements [39] [40] [41] . Figure 1 shows a sketch of convective heat transfer measurements using a Gardon heat flux sensor. The steady state heat conduction equation together with the boundary conditions describing the radial temperature distribution in the foil exposed to a heat flux can be expressed as [33, 38] :
where r is the distance measured from the center in the radial direction in the foil, ( ) T r is the temperature at position r on the foil surface, 0 T is the temperature of the heat sink,  is the foil thickness and R is the radius of the constantan foil. q is the heat flux at the foil surface due to convective or radiative heat transfer. For convection heat transfer,
   q h T T r . T  is the temperature of fluid flowing over the foil surface, h is the convective heat-transfer coefficient. 0 T and T  are generally measured by thermocouples.  is the thermal conductivity of the constantan foil and is expressed as a linear function of temperature:
where 0  =20.9 W/(m ) at 0 T =0 and b =0.00231 -1 for a temperature range of 0~200 [33] .
To simplify the analysis based on Eq. (1), the temperature dependence of the thermal conductivity is neglected meaning that the thermal conductivity is assumed to be uniform at different radial positions on the foil surface. Then, the thermal conductivity of the foil is described with the average temperature over the radius of the foil as:
where T is the average temperature over the radius of the foil,
and is relative to the average temperature of the foil.
The theoretical expression of the foil surface temperature can be obtained by solving Eqs. (1) and (3):
where 0 I is the zeroth order Bessel function and
 m is the function of the convective heat transfer coefficient, h , and the parameter,  .
The convective heat flux on the foil surface, c q , is obtained by Eq. (4):
where 1 I is the first order Bessel function and T  is the temperature difference between the center and the edge of the constantan foil,
The thermo-electromotive voltage output, E , of the copper-constantan thermocouple formed by the Gardon gauge is expressed by a function of the temperature difference, T  :
where the coefficients of k and g of the copper-constantan thermocouple are known as 0.0381  k mV/ and 0.0012 g  -1 [33] .
The measurement sensitivity for the convective heat flux, c L , is defined as the ratio of the voltage output, E , to the measured convective heat flux, c q , so c L from Eqs. (5) and (6) is:
Equation (7) shows that the measurement sensitivity for the convective heat flux is relative to  m , T  and h . It is well known that the convective heat-transfer coefficient is an important quantity to affect the measurement sensitivity. However, The measurement sensitivity, r L , for radiative heat flux measurements in traditional Gardon gauge applications differs from c L . Assuming constant radiative heat flux and constant thermal conductivity, r L is determined as [33] 
The Gardon gauges are commonly calibrated by the standard blackbody source [45] [46] [47] . The gauges are irradiated by the known radiative heat flux from the blackbody source. The measurement sensitivity, r L , is then experimentally obtained by the ratio of the gauge voltage output to the irradiative heat flux value which is calculated by the StefanBoltzmann law using measured blackbody temperature [45] [46] [47] .
As a comparison, the ratio of the measurement sensitivities in convection and radiation, F , is given by: A correction to the measurement sensitivity for convection is therefore needed with the known measurement sensitivity for radiation.
Fig. 2 Convection to radiation convection factor
Determination of heat flux and heat-transfer coefficient for convective heat transfer
In a convection environment, if the convective heat-transfer coefficient at the foil surface of the gauge is known (that is, m R  is known), the measurement sensitivity of heat flux in convection can be related to that in radiation. The determination of heat-transfer coefficient or m R  is important for heat flux measurement in convection using Gardon gauge calibrated in radiation. Some previous studies have addressed that the convective heat-transfer coefficient needs to be measured or evaluated as the measurement prerequisite [39] [40] [41] . However, accurate prediction of the convective heat-transfer coefficient is still complex and difficult. An improved measurement method is proposed following the procedure below to simultaneously determine both convective heat-transfer coefficient and heat flux.
A. The temperature difference, T  , between the center and the edge of the constantan foil is first obtained from the gauge voltage output, E , using Eq. Thus, this method allows a Gardon gauge calibrated in radiation to be used as a heat flux sensor in convection without any other instrument adjustments. The merit of the method is that it gives not only the heat flux but also the convective heat-transfer coefficient at the foil surface, and the measurement accuracy of the Gardon gauges is much better in convection applications.
Method example
The measurement method was demonstrated by the calculations. The parameters of the Gardon gauge were  =0.2 mm, R =2.5 mm, and a heat sink temperature of 0 T =0℃. The standard measurement sensitivity for heat flux in radiation was obtained using the theoretical analysis [38] . The gauge output voltages for the various convection conditions were calculated using Eqs. (5) and (6) , the "apparent" heat flux, appa q , obtained from the standard measurement sensitivity, and the "corrected" heat flux, cal q , obtained using the calibrated measurement sensitivity for convection, and the relative errors of a , , . In fact, the thermal conductivity at different radius positions on the foil surface is different due to the temperature dependence of the thermal conductivity across the foil. However, the assumption of the thermal conductivity represented by the average temperature over the radius of the foil can simplify the theoretical analysis to derive a simple, clear expression of Eq. (4). The small error arising from the thermal conductivity is acceptable in engineering applications so that the assumption of the thermal conductivity in the method is reasonable.
Thus, this analysis illustrates that the convection correction is necessary for higher convective heat-transfer coefficients when using the Gardon gauge and that this convective heat flux greatly improves the Gardon gauge measurement accuracy for convection applications, especially in strong convection environments. , appa q , cal q ) and relative errors at various convective heat-transfer coefficients
The calculated m R  in Fig. 3 were then used to determine the convective heat-transfer coefficients shown in Fig. 6 .
The calculated results also agree well with the actual convective heat-transfer coefficients. The absolute error in the convective heat-transfer coefficients slightly increases with increasing convective heat-transfer coefficient while the relative error decreases with increasing convective heat-transfer coefficient, with a maximum relative error of only -3.5%. The error of convective heat-transfer coefficients shown in Fig. 6 only relates to the error in the assumption of the thermal conductivity in Eq. (3). Therefore, the demonstration calculations show that using this method a Gardon gauge can be used to evaluate convective heat-transfer coefficients within an acceptable accuracy. 
Conclusions
Gardon gauges have been widely used to measure heat flux in radiation. Their accuracy to measure heat flux in convection was not satisfactory since the gauges are calibrated using radiation sources. This work presents a method to use Gardon gauges to measure heat flux in convection based on a relationship between the measurement sensitivities in convection and radiation. A simple expression of the foil surface temperature is theoretically obtained by assuming that the thermal conductivity of the gauge foil is determined by its average temperature. The analysis shows that the convective heat-transfer coefficient and heat flux can be simultaneously determined from the Gardon gauge voltage output without any other instrument adjustments. The method is demonstrated by calculations which show that the convection measurement sensitivity decreases with increasing convective heat-transfer coefficient. The convection correction is especially important when using the Gardon gauge in strong convection environments. The calculated convective heat-transfer coefficients and heat fluxes agree well with the "true" values with the relative error in heat flux within 0.64% for convective heat-transfer coefficient in the range of 200 to 3000 W/(m 2 K) and the maximum relative error in convective heat-transfer coefficient within -3.5%. Compared with the conventional use of Gardon gauges for heat flux measurement in radiation, the method can be used to improve the measurement accuracy of Gardon gauges for convection applications as well as to provide a reference for evaluating convective heat transfer measurements.
